Unlike warm-blooded animals, channel catfish Ictalurus punctatus do not feed consistently when water temperatures are below 208C and generally stop eating at temperatures of 108C (Robinson et al. 2004 ). Many catfish producers choose not to feed during winter months for various reasons, one of which is that it is difficult to see a positive response from a winter feeding program. However, based on research results, winter feeding is beneficial, though the magnitude of benefit from a winter feeding program depends on the severity of winter. Fish will gain (if fed) or lose (if not fed) more weight during a mild winter than during a cold one. A recent study conducted at Delta Western Research Center, Indianola, Mississippi (E. H. Robinson, unpublished data), as well as research by Lovell (1989) , has shown that food-sized channel catfish gain 15-18% of their body weight during a mild winter (average daytime water temperatures from November 15 to March 15 were about 11-138C). Fingerlings were shown to gain up to 45% (Lovell 1989) if they were fed during the winter.
Because the feeding activity of channel catfish is reduced at low temperatures, it is hypothesized that adding a highly palatable feedstuff, such as fish meal, to the diet would increase feed consumption by catfish at low temperatures. There have been anecdotal reports that channel catfish eat more feed at low temperature when they were fed diets containing fish meal; however, this has not been scientifically validated. There are several reports on the effects of dietary fish meal levels on growth and feed efficiency of channel catfish fingerlings and food fish raised during the growing season or at optimum water temperatures, but results are inconsistent. Some studies show that complete removal of fish meal in the diet reduces fish growth (Andrews and Page 1974; Mohsen and Lovell 1990; Robinson and Li 1998; Li et al. 2006) . In contrast, other reports indicate that nutritionally balanced all-plant diets can provide similar growth and feed efficiency as diets containing fish meal (Webster et al. 1992; Robinson and Li 1994; Reigh 1999; Li et al. 2003) . The objective of the present study was to evaluate effects of dietary fish meal level on feed consumption, weight gain, and feed efficiency of channel catfish at various water temperatures.
Methods
Three 28%-protein, practical diets (Table 1) were formulated to contain 0, 4, or 8% menhaden Brevoortia spp. fish meal with digestible energy to digestible protein ratios (DE:DP) of 11.6-12.0 kcal/g protein. All known nutrient requirements of channel catfish were satisfied (NRC 1993) . The diets were prepared as sinking pellets according to procedures described previously (Li et al. 1993 ) and stored at À30 8C until used. The menhaden fish meal (regular grade) was obtained from Omega Protein, Inc. (Hammond, Louisiana). Other feed ingredients were obtained from the Delta Western Feed Mill (Indianola, Mississippi) and were from commercial sources. The proximate composition of diet samples (Table 1) was analyzed by standard methods (AOAC 2000) . Specifically, dietary protein levels were determined by the combustion method with an FP-2000 protein determinator (Leco Corporation, St. Joseph, Michigan), crude fat by ether extraction with a Soxtec System (Foss North America, Eden Prairie, Minnesota), dry matter by oven drying with a mechanical convection oven (Precision, Winchester, Virginia), and ash with a muffle furnace (Type 30400; Barnstead Thermolyne Corporation, Dubuque, Iowa).
Juvenile channel catfish of the NWAC103 strain were reared in indoor tanks in a common environment (12 h light : 12 h dark; water temperature ¼ 26.58C; pH ¼ 8.6; and dissolved oxygen . 5.0 mg/L) under common management and feeding conditions at the U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS) Catfish Genetics Research Unit, Stoneville, Mississippi, before stocking into the aquarium rack systems. Three X-rack aquarium rack systems (Model XR 3 ; Marine Biotech, Beverly, Massachusetts) were used in the study. Each system was configured with sixteen 23-L clear polycarbonate tanks. Each tank had a polycarbonate lid with access holes for feeding and water and air inlets. Each tank was supplied with individual water and air valves, air stones, and rear-side, midtank drains with removable mesh screens to prevent feed loss. Water flow rate to each tank was maintained at a rate higher than 500 mL/ min via an adjustable flow regulator.
Three-stage particulate filtration was used that included a 150-lm reusable polyester filter pad, chemical filtration via activated carbon, and a mechanical pleated cartridge filter. Biofiltration was accomplished by passing water through a submerged silica gravel bed in the reservoir tank. Two of the rack systems were connected to separate 90-kW air-cooled water chillers with a single, six-cylinder Copeland compressor (Copeland Corporation, Sidney, Ohio). Fish were acclimated to the colder temperatures by reducing the temperature 28C/d until the targeted temperatures (208C and 158C) were obtained. The temperatures in the three rack systems were 26.9 6 0.1, 21.0 6 0.2, and 16.6 6 0.48C, respectively, during the feeding period. Water quality tests for ammonia and nitrite were monitored twice a week, Before initiation of the experiment, 20 fish were stocked in each tank and acclimated to the experimental conditions for 2 weeks and fed diet 2 once daily to apparent satiation at 0900 hours. After acclimation, fish in each temperature group were pooled and graded into a uniform size, and 10 fish were restocked in each tank. Initial fish weight averaged 9.6 6 0.1 g/fish. Four tanks were assigned to each diet 3 water temperature combination. All fish were fed once daily as much as they would eat within 60 min to ensure that fish were satiated. The total feed consumption was recorded daily. Fish were counted and weighed collectively (by tank) every 3 weeks. At the end of week 9, feed consumption and weight gain per fish, feed efficiency ([ftotal final fish weight -total initial fish weightg þ weight of mortalities removed]/total feed consumption), and survival were determined.
Data were subjected to two-way analysis of variance (ANOVA), and means were subsequently separated via Fisher's protected least-significant-difference procedure (Steel et al. 1997) in Statistical Analysis System (SAS) version 8.0 (SAS Institute 2004) . Survival data were square-root transformed before ANOVA was performed. Tanks were used as experimental units. A significant level of 0.05 was used.
Results and Discussion
The 9-week growth curve indicated that water temperature and dietary fish meal significantly affected fish weight as early as week 3 (Figure 1) . Feed consumption at the end of week 9 was markedly affected by water temperatures but not by dietary fish meal level and water temperature 3 fish meal interaction (Table 2) . Fish survival was not affected by water temperature, fish meal level, or their interaction. However, there was a significant interaction between water temperature and fish meal level for weight gain. While no significant differences were observed in weight gain of fish fed diets containing three levels of fish meal at 178C and 218C, respectively, at 27 8C fish fed diets containing 4% and 8% fish meal gained significantly more weight than fish fed the all-plant-protein diet. This is contrary to what we originally thought (i.e., that channel catfish might respond better to a diet containing fish meal at low temperatures). At 178C and 218C, fish meal levels up to 8% did not affect weight gain of juvenile channel catfish, which suggests that the olfactory and gustatory responses of channel catfish to fish meal (up to 8% in the diet) may not be as sensitive at low temperatures. Although there were no significant differences in feed consumption of fish fed the three levels of fish meal, at 278C feed consumption tended to be slightly higher in fish fed the diets containing fish meal, which resulted in a significant difference in weight gain.
Published results on the effects of fish meal level on the growth of channel catfish fingerlings and food fish at optimum water temperatures have been inconsistent and often contradictory. For pond-raised, food-sized channel catfish, some studies showed that fish meal could be eliminated in the diet without affecting fish growth (Robinson and Li 1994; Reigh 1999) , while others reported a growth reduction when all-plantprotein diets were used (Robinson and Li 1998) . In addition, we recently conducted additional studies that indicated that fish meal improved weight gain of channel catfish (no other animal protein was used in the diet). Similarly, some studies with fingerlings cultured in aquaria demonstrated a need for fish meal for maximum growth (Andrews and Page 1974; Mohsen and Lovell 1990; Li et al. 2006 ), but others did not (Webster et al. 1992; Li et al. 2003) . The reason for the contrasting results from different studies is not clear but could be caused by differences in the quality of fish meal and other ingredients used, feeding rates, culture conditions, and other unidentified factors. In the present study, fish were fed once daily, a feeding FIGURE 1.-Fish weights at weeks 3, 6, and 9 as affected by water temperature and the fish meal level of the diets. At weeks 3 and 6, there were no significant interactions between water temperature and dietary fish meal level. Regardless of fish meal level, fish weights were significantly different among the three water temperatures. Regardless of water temperature, fish fed an all-plant diet gained less weight than fish fed fish meal diets. At week 9, a significant interaction was observed for weight gain (see Table 2 for details).
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frequency commonly used during the growing season by the catfish industry. Whether feeding frequency affects fish meal levels in the diet for optimum fish growth is not known.
The highest water temperature used in the present study was 278C, which was slightly lower than that used in our previous studies (308C) but still within the range of temperatures reported for maximum growth of juvenile channel catfish (27-328C; Kilambi et al. 1971; Andrews and Stickney 1972; Buentello et al. 2000) . At 278C, fish fed 4% and 8% fish meal diets gained 18.0-19.7% more weight than fish fed the all-plant-protein diet. The difference between the present study and our previous aquarium studies is that in the present study fish were cultured in a recirculating system and were fed more closely to satiation, whereas our previous studies (Li et al. 2003 (Li et al. , 2006 ) used a flow-through system in which fish were fed based on percentage of body weight. There is no evidence that culture systems (flow-through versus recirculating system) interact with dietary effects. Since menhaden fish meal is highly palatable to channel catfish, feeding more closely to satiation as was used in the present study would magnify the fish meal effect on fish growth.
Marine fish meals contain higher levels of fat and DE than most plant protein sources; thus, the inclusion of fish meal in the diet may improve fish growth. However, this does not appear to be the case for the present study. The increase in the weight gain of fish fed diets containing 4-8% fish meal does not appear to be caused by DE content since the diets were formulated to contain similar quantities of fat and DE. This observation is supported by Mohsen and Lovell (1990) who noted that the addition of catfish oil to the all-plant, basal diet to increase the DE content to that of a diet containing 10% fish meal did not improve weight gain in juvenile channel catfish. Andrews and Page (1974) attributed the increased weight gain in channel catfish fed fish meal diets to unidentified ''growth factors'' that were not related to lysine and sulfur-containing amino acids but that were present in the protein fraction of menhaden fish meal. Mohsen and Lovell (1990) suggested that the improved growth in channel catfish fed fish meal diets was Initial weight was 9.6 6 0.1 g fish (mean 6 SD, n ¼ 36). There were no significant differences among treatments (ANOVA: P . 0.05). c Treatment means represent the average values of four tanks per treatment. Fisher's protected leastsignificant-difference procedure was conducted for individual means only if there was a significant interaction (ANOVA: P 0.05). Means followed by the same letter are not significantly different. d Main effect means followed by the same letter are not significantly different at P ¼ 0.05 by Fisher's protected least-significant-difference procedure.
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related to the improved feed palatability of the diet but cautioned that improved palatability may not continue if the fish became adapted to ''less palatable'' all-plant diets.
In the present study, feed efficiency was affected by water temperature, fish meal level, and their interaction (Table 2) . At 178C, feed efficiency was significantly higher in fish fed the fish meal diets than fish fed the all-plant-protein diet. However, the improved feed efficiency in fish fed fish meal diets at 178C did not result in significant increase in weight gain. The reason for this is not clear. Although there were significant differences in the weight gain of fish fed various levels of fish meal at 218C and 278C, no significant differences in feed efficiency were noted. This could be caused by the variation in amounts of feed offered in excess among tanks. Fish were fed to apparent satiation by visual examination, but the slight excess of feed remained, if any, was not removed from the tank.
For all three fish meal levels, feed efficiency was higher at 218C and 278C than at 178C. There was a trend that feed efficiency was higher at 278C than at 218C for the three levels of fish meal, respectively (P 0.085). Generally, feed efficiency decreases when water temperature deviates from the optimum range (24-328C; Kilambi et al. 1971; Andrews and Stickney 1972; Buentello et al. 2000) .
Assuming that fingerling channel catfish need fish meal in their diets for maximum growth at optimum temperatures, the results of the present study and Li et al. (2006) indicate that 4% fish meal in the diet is adequate for optimum growth and feed efficiency under the conditions of these studies. Li et al. (2006) reported that fingerlings raised in aquaria and fed allplant-protein diets had about 12-15% reduction in weight gain compared with fish fed diets containing fish meal (Li et al. 2006) , which was about what we observed in the present study. However, it is not known whether the 12-15% reduction in weight gain among fingerlings raised in aquaria will be realized in ponds because of the natural food present in nursery ponds. In some of our previous studies, we noted only about 5% reduction in weight gain in food-sized channel catfish raised in ponds and fed all-plant-protein diets (Robinson and Li 1998; M. H. Li and E. H. Robinson, unpublished data) . In addition, because there is concern about fish meal use in aquaculture (i.e., fish meal production from the ocean may threaten wild fish stocks), all-plant-protein diets would be more environmentally friendly. The potential connotations for environmentally friendly diets could enhance marketing of catfish products.
In summary, it appears that fish meal is not an essential component in the diets of juvenile channel catfish reared at low temperatures (17-218C). However, at optimum temperatures (278C), a reduction in weight gain was noted when an all-plant-protein diet was fed. An 8% fish meal diet did not further improve the weight gain of fish over a 4% fish meal diet. Whether fish meal is economical for use in channel catfish feeds depends on its price relative to other plant and animal protein sources that can be used to replace fish meal.
